III-nitride light emitters, such as light-emitting diodes (LEDs) and laser diodes (LDs), have been demonstrated and studied for solid-state lighting (SSL) and visible-light communication (VLC) applications. However, for III-nitride LEDbased SSL-VLC system, its efficiency is limited by the "efficiency droop" effect and the high-speed performance is limited by a relatively small -3 dB modulation bandwidth (<100 MHz). InGaN-based LDs were recently studied as a droop-free, high-speed emitter; yet it is associated with speckle-noise and safety concerns. In this paper, we presented the semipolar InGaN-based violet-blue emitting superluminescent diodes (SLDs) as a high-brightness and high-speed light source, combining the advantages of LEDs and LDs. Utilizing the integrated passive absorber configuration, an InGaN/GaN quantum well (QW) based SLD was fabricated on semipolar GaN substrate. Using SLD to excite a YAG:Ce phosphor, white light can be generated, exhibiting a color rendering index of 68.9 and a color temperature of 4340 K. Besides, the opto-electrical properties of the SLD, the emission pattern of the phosphor-converted white light, and the high-speed (Gb/s) visible light communication link using SLD as the transmitter have been presented and discussed in this paper.
INTRODUCTION
The development of InGaN/GaN quantum well (QW) based violet-blue-green light-emitting diodes (LEDs) [1] [2] [3] [4] [5] [6] and laser diodes (LDs) [7] [8] [9] [10] enables efficient solid-state lighting (SSL) technology for a wider range of applications, such as general illumination, automotive lighting, display and horticulture [11, 12] . Besides, the utilization of III-nitride LEDs and LDs as the transmitter for free-space visible light communications (VLC) and underwater wireless optical communications (UWOC) has been demonstrated and investigated recently [13] [14] [15] [16] . Compared to the conventional radio frequency (RF) communication techniques, VLC shows many potential advantages, such as unregulated channels, avoiding electromagnetic interference (EMI), high security and low-cost [13, 15] . Hence, by combining GaN-based LEDs or LDs with phosphors, the white light bulb can be achieved for SSL and VLC functionalities [12, 15] .
Though high-efficient GaN-based LEDs and LDs have been studied for high-power and high-speed SSL-VLC applications, there are performance-limiting concerns to be resolved. For example, InGaN/GaN QW LEDs suffers from the "efficiency droop" effect, resulting in a rapidly reduced efficiency at high current injections [4, 5] . Also, a relatively small modulation bandwidth of LEDs limits the data communication rate in LED-based VLC links. As for LDs, the efficiency droop is not presented, and a much higher modulation bandwidth is measured. However, the LD-based light bulb is associated with speckle noise and safety concerns [17] . The GaN superluminescent diodes (SLDs), which combine the advantages of both LEDs and LDs, have shown great potentials for SSL-VLC applications [18] . *boon.ooi@kaust.edu.sa; phone 966-544700036; fax 966-128084350; photonics.kaust.edu.sa As a time incoherent but a spatial coherent light source, SLDs, which operate in the amplified spontaneous emission (ASE) regime, have been used for a number of attractive applications, such as optical coherence tomography (OCT), fiber optic gyroscope (FOG), and fiber-optic sensor [18] [19] [20] . More recently, the violet-blue emitting InGaN/GaN QW based superluminescent diodes have been reported, which are the essential components for SSL system. Table 1 summarizes the design and performance of the demonstrated GaN-based SLDs, comparing the emission wavelength, substrate material, configuration, waveguide design, and the maximum light output power reported in each case. 405 nm c-GaN "j-shape" waveguide curved ridge 350 mW (cw) [24] 408 nm c-GaN "j-shape" waveguide "j-shape" ridge 200 mW (cw) [25] 410 ~ 445 nm c-GaN tilted waveguide 2 µm ridge 30 ~ 55 mW (cw) [26] 420 nm c-GaN tilted facet 2 µm ridge 2 mW (cw) 100 mW (pulse) [27] 420 nm c-GaN "j-shape" waveguide AR/HR coating 3 µm ridge 200 mW (cw) [28] 439 nm m-GaN facet roughening 4 µm ridge 5 mW (pulse) [29] 443 nm c-GaN curved waveguide 2 µm ridge 100 mW (cw) [30] 445 nm c-GaN oblique facet 5 µm ridge - [31] 447 nm Semipolar GaN passive absorber 7.5 µm ridge 256 mW (cw) [17] 500 nm c-GaN curved waveguide 2 µm ridge 4 mW (pulse) [32] Since most of InGaN/GaN QW SLDs are grown on a polar, c-plane GaN substrate, there is a growing interest to develop high efficient violet-blue SLDs on nonpolar or semipolar substrates owing to a reduced polarization field presented in the QW structure [2] . Studies on semipolar and nonpolar GaN-based LEDs and LDs have revealed that the enhanced electron and hole wavefunction overlap is expected for InGaN/GaN QWs grown on nonpolar (m-plane) and semipolar GaN substrates, leading to an enhanced internal quantum efficiency [2, 3] . Therefore, the presented study focuses on SLDs grown on semipolar GaN substrate.
In this paper, the electrical and spectral characteristics of the semipolar InGaN/GaN QW based SLD will be presented and discussed. The SLD is utilized to generate white light by exciting a commercially available YAG:Ce phosphor for SSL applications. The emission properties were discussed by comparing the performance with that of the LED and LD based white light. Finally, the utilization of SLD as a high-speed transmitter for VLC system is demonstrated.
BLUE EMITTING INGAN/GAN QUANTUM WELL SUPERLUMINESCENT DIODE
The blue emitting InGaN/GaN QW SLD on semipolar GaN substrate has been demonstrated, and its emission characteristics are measured at room temperature. Figure 1 shows the 3D schematic of the device structure. The SLD is constructed using an integrated passive absorber configuration, so the oscillations of light in the resonating cavity structure are suppressed to avoid lasing. The epitaxial structure of demonstrated SLD structure was grown on a semipolar bulk GaN substrate from Mitsubishi Chemical Corporation using metal-organic chemical vapor deposition , and a 4-period of In0.2Ga0.8N multiple QW active region. The detailed layer structure is similar to that in our other reports [9, 17] . The device has a 700-µm -long gain region and a 490-µm -long passive absorber. The SLD is driven by injecting current into the gain region without biasing the absorber. The SLD is tested in a customer made prober at room temperature. The setup involves a Keithley 2520 diode tester with a calibrated Si photodetector and an integrating sphere for electrical characterization. The emission spectra were collected using Ocean Optics HR 4000 high-resolution spectrometer. Figure 2 shows the optical image of the amplified spontaneous emission of the SLD. All the measurements were carried out under DC current injection. Edge emission (ASE +SE)
Surface emission (SE)- Current (mA) Figure 3 presents the optical power -injection current -voltage (L-I-V) characteristic of the SLD. The photodetector was placed both at the facet, in-plane to the waveguide, and above the device, normal to the waveguide, in order to measure the optical power of the edge emission and the surface emission, respectively. The former approach measured the amplified spontaneous emission together with the spontaneous emission (ASE+SE) of the SLD while the latter approach measured only the uncoupled, spontaneous emission (SE) from the SLD. By comparing the two curves, a significant divergence of the intensities of ASE+SE and SE is observed at an injection current (ISLD) of approximately 250 mA, which is the onset of superluminescence. The SLD exhibits a superlinear increase in the intensity at ISLD > 250 mA, which is different than the behavior in LDs, where a linear increase of optical power above the threshold condition is expected. The corresponding forward voltage at ISLD = 250 mA is 6 V. The optical powers of the SLD are 78.0 mW, 122.6 mW, and 202.5 mW at ISLD = 400 mA, 500 mA and 550 mA, respectively. The high optical power is partially attributed to the improved optical gain of the SLD, originating from a high material gain in InGaN/GaN QWs grown on semipolar GaN substrate. The emission spectra of the SLD collected at the edge of the device at an increasing ISLD from 100 mA to 550 mA are plotted in Figure 4 (a). The SLD has a peak emission wavelength of ~ 450 nm. With increasing ISLD, a narrowing of the emission peak, as well as a slight blueshift of the peak, was observed. 
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The reducing of full-width at half-maximum (FWHM) of the emission peak from 17.3 nm, 11.7 nm, 7.6 nm to 4.0 nm at an increasing ISLD from 100 mA, 300 mA, 500 mA to 550 mA is evidenced in Figure 4 (b). Our SLD shows a large spectral linewidth at 500mA, with EL peak FWHM of > 7 nm and optical power > 120 mW, which is an advantage for micro-projection and SSL applications. Since the peak FWHM of an InGaN/GaN QW based LD at ~ 450 nm is typically < 1 nm, the SLD is confirmed to be operating at ASE regime at an ISLD up to 550 mA. A blueshift of the emission peak from 451 nm to 446 nm at an increasing ISLD from 100 mA to 550 mA is also measured. This blue shift is attributed to the band filling effect in the InGaN/GaN QW SLD.
SLD BASED PHOSPHOR CONVERTED WHITE LIGHT
Following the electrical characterization of the SLD, we investigated the utilization of SLD for the white light generation in solid-state lighting applications by using the blue InGaN SLD to excite a YAG:Ce 3+ phosphor embedded in a silicone rubber. Figure 5 shows the schematic of the setup. The spectrum and white light characteristics of the generated white light were measured and analyzed using a GL Spectis 5.0 Touch spectrometer. Figure 6 exhibits the white light spectra generated by the SLD and the comparison with that generated by a blue-emitting LED and LD. It can be observed that both LED, SLD, and LD are effective in exciting the yellow YAG phosphor. The generated white light is a combination of the InGaN LED/SLD/LD emitted blue light and the phosphor converted yellow light. Figure 6 . Spectra of the white light generated using blue-emitting LED, SLD, and LD with yellow YAG phosphor.
The color rendering index (CRI) and correlated color temperature (CCT) are important parameters to evaluate the quality of white light. The CRI is a quantitative measure of the ability of a light source to accurately render all visible wavelength in the color spectrum when compared to perfect reference light, such as the sunlight. The CCT is a specification of the color appearance of the light emitted by a light source, relating its color to the color of light from a reference source when heated to a particular temperature, which is measured in degrees Kelvin (K). Besides, the CIE 1931 color space is a widely used method to quantitatively define the color of emitted light and its link with perceived colors in human vision. Hence, the x-y coordinates in the CIE 1931 space chromaticity diagram are of interest in the study the emission property of a light source. The CRI, CCT and CIE 1931 coordinates of the three white light scenarios are summarized in Table 2 . The corresponding chromaticity diagram (CIE 1931) coordinates of the three white light scenarios are shown in Figure 7 . All three scenarios generate cool white light and the SLD based white light shows an enhanced CRI compared to LD based white light. Both LED and SLD based white light exhibits a similar CRI. The CRI can be further improved by engineering the phosphor mixture, such as combining green and red phosphors, and introducing a broadband phosphor material. But nonetheless, the results suggest that GaN-based SLDs outperforms LDs in generating high-quality white light using the same phosphor. Figure 7 . The chromaticity coordinates of the white light generated using blue-emitting LED, SLD, and LD with yellow YAG phosphor.
In addition to the spectral characteristics of the white light, the far-field emission pattern of the white light source is another important factor for illumination applications. The emission pattern was measured by collecting the optical power at different observation angle, i.e. the intensity profile, of the white light source, as shown in Figure 8 . Since the same phosphor rubber and configuration is used for all three scenarios and there is no diffusing element presented in the setup, the difference of the far field emission pattern is solely attributed to the effect of the beam angle of the light emitters, which refer to the LED, SLD or LD. For instance, LED, as a surface emitter, exhibits a Lambertian emission pattern, where the intensity profile is proportional to the cosine of the emission angle [33] . Both SLD and LD are edge emitter, and narrower beam angles are expected compared to that of the LED. The SLD based white light shows a parabolic-like emission pattern, making it easier to be engineered for both fiber coupling applications and free-space illumination applications. As for LD based white light, a very narrow radiation pattern is observed, suggesting a proper diffusion optics is required before it can be used as a light source for SSL. 
USING SLD AS A TRANSMITTER FOR VISIBLE LIGHT COMMUNICATIONS
GaN-based LEDs were utilized as transmitters for free-space VLC. However, the data transmission rate is limited by the modulation bandwidth of the LED, which is only a few megahertz (MHz) or tens of MHz. Using non-return-to-zero onoff keying (NRZ-OOK) modulation scheme, which is a simple and most cost effective one, a data rate of up to 100 Mbit/s can be achieved using LED as the transmitter. Though high-speed micro-LEDs were recently demonstrated, showing a 3-dB modulation bandwidth exceeding 100 MHz, but the relative low emission power becomes the limiting factor [34] . The SLD exhibits a much higher modulation bandwidth of > 500 MHz [17] , suggesting SLD as a promising transmitter in VLC systems.
To evaluate the SLD based VLC link, a 2 10 -1 pseudorandom binary sequence (PRBS) data stream was generated using the pattern generator in the Agilent J-BERT N4903B high-performance serial bit error rate tester (BERT). The data stream was amplified and combined with DC bias using a bias-tee to modulate the SLD. The emitted light was received by a Si avalanche photodetector and analyzed using the BERT and an Agilent 86100C digital communication analyzer. Figure 9 . Eye diagrams of the VLC link using SLD as the transmitter operating at a data rate of: (a) 622 Mbit/s, and (b) 1 Gbit/s using on-off keying (OOK) modulation scheme.
The SLD used has a similar layer structure as the one presented early on, but it contains In0.1Ga0.9N QW for generating violet light and a top-N-contact design for high-speed operation. At a data rate of 622 Mbit/s and 1 Gbit/s, the VLC link using SLD as the transmitter exhibits a BER of 4 × 10 -4 and 8.4 × 10 -4 , respectively, well passes the forward error correction (FEC) limit of 3.8 × 10 -3 . The corresponding eye diagrams in Figure 9 show a clear open eye, suggesting the SLD being an attractive competitor for VLC applications.
CONCLUSIONS
In summary, the recent advances of III-nitride violet-blue emitting superluminescent diodes, a novel InGaN/GaN QW based SLD on semipolar GaN substrate and its application for solid-state lighting and visible-light communication systems have been presented in this paper. The presented 450 nm emitting SLD has a high optical power of > 200 mW with a broad emission peak FWHM of > 7 nm at an optical power of 100 mW. This lead to a white light source with a CRI of 68.9 and a CCT of 4340 K when using the blue emitting SLD exciting the yellow YAG phosphor plate. The SLD based white light offers improved white light quality compared to that of the LD-based counterpart, from the aspects of CRI, CCT, and far-field emission pattern. As a transmitter in VLC system, the SLD is able to support much higher data rate (> Gbit/s) for free-space communication compared to the system based on LEDs. Therefore, the GaN-based violetblue SLD offers a combination of the advantages of both LEDs and LDs, making it a promising candidate for the best light source
